Physical influences on biological primary production in the North Atlantic are investigated by coupling a four-component pelagic ecosystem model with a high-resolution numerical circulation model. A series of sensitivity experiments demonstrates the important role of an accurate formulation of upper ocean turbulence and advection numerics. The unrealistically large diffusivity implicit in upstream advection approximately doubles primary production when compared with a less diffusive, higher-order, positive-definite advection scheme. This is of particular concern in the equatorial upwelling region where upstream advection leads to a considerable increase of upper ocean nitrate concentrations. Counteracting this effect of unrealistically large implicit diffusion by changes in the biological model could easily lead to misconceptions in the interpretation of ecosystem dynamics. Subgrid-scale diapycnal diffusion strongly controls biological production in the subtropical gyre where winter mixing does not reach the nutricline. The parameterization of vertical viscosity is important mainly in the equatorial region where friction becomes an important agent in the momentum balance.
creasing the number of levels in the upper 150m from four to eleven (Table 1) .
The model is forced with climatological data sets. In the present study, no attempt is made to resolve highfrequency forcing or the daily cycle. Monthly mean wind stresses {r) as well as the monthly mean of the third power of the friction velocity {ua,), where u, -([r}/pw)l/2 in water of density pw, are taken from Hellerman and Rosenstein [1983] . The thermohaline forcing is represented by a relaxation of surface salinity to the monthly mean values of Levitus [1982] and a heat flux given by the linear Haney [1971] formulation; instead of a relaxation of the model sea surface temperature (SST) toward the observed climatological SST, an approach followed, e.g., by Sarmiento et al. [1993] that would unrealistically result in vanishing surface heat transfer for perfect model SST fields, the downward heat flux into the ocean is expressed as 
0NET(Tsurf) --0SOL -[-0NSOL -[-02 (Ta -Tsurf) (1)
Previous CME experiments used (2), with the prescribed monthly fields of T* and Q2 computed as described by Han [1984] . In the present study we alternatively employ (3) to explicitly include the effect of penetrating shortwave solar radiation. This is consistent with the forcing of the biological model, which depends strongly on photosynthetically active radiation being available below the sea surface. It is also important for modeling the seasonal mixed layer cycle, which is strongly affected by subsurface heating due to penetrating solar radiation. a surface flux condition KeO•/Oz -m u,, -
The lower limit for TKE was set to 4 x 10 -2 cm 2 s -2
This ensures that well below the pycnocline diffusivities converge to the same Kp -a N -• relation as used in one application of the Kraus-25•rner model. We finally note that in contrast to the Kraus-Turner type mixed layer model described in section 2.1.1, the TKE scheme computes vertical diffusivities for the entire water column. Therefore, it accounts automatically for the removal of static instabilities, and an extra routine for convective adjustment is not required. While using the TKE scheme is thus more economical with respect to CPU time requirements (in the present configuration, about 10% less than Kraus-Turner plus Kp -a N -• diffusivities), it needs extra memory space for the additional prognostic variable TKE.
Biological Model
There exists already a large variety of marine ecosystem models to simulate different biological processes, often in different marine environments. For this study we tried to formulate a single set of biological equations that is robust and computationally cheap enough to be coupled to a basin-wide eddy-permitting circulation model, covering subpolar and subtropical regions as well as the equatorial Atlantic. A marine ecosystem model set up explicitly with this purpose in mind was first presented in a zero-dimensional form by Fasbare et al. [1990] . Results of its coupling into a coarse resolution where the first term on the right-hand side accounts for advection, the second accounts for (biharmonic) horizontal diffusion, and the third term represents vertical mixing with turbulent diffusion coefficient Kp. The last term is the source-minus-sink term due to biological activity. In our experiments described herein, more than 90% of the computational cost of (9) Although the MPDCD scheme (with biharmonic horizontal diffusion) is about 4 times more expensive than simple upstream advection (without additional horizontal diffusion), it will be seen later that its less diffusive character has important and worthwhile consequences for the simulated biological production. The dramatic increase in the advective nutrient transport into the euphotic zone that was observed for identical advecting velocity fields when switching from MPDCD to upstream numerics can be explained only by the much higher implicit diffusion of the upstream scheme. In fact, the additional vertical diffusion coefficient due to upstream differencing in comparison with central differencing of advection, which forms the base of the MPDCD scheme (see the appendix), is, to leading order, given by Knum -wlAz/2 [e.g., Leonard, 1979] . Since K,•um depends linearly on the grid spacing Az we can expect that it is even greater in coarse-resolution models. For a given grid spacing Az the implicit diffusion of the upstream scheme is proportional to the advecting velocity. Differences in nutrient input and resulting primary production between upstream and MPDCD schemes are most pronounced in regions with large velocities, particularly along the equator, the Loop Current in the Gulf of Mexico, and the Gulf Stream. Implicit horizontal diffusivities of the upstream scheme can, in some places, reach l0 s cm 2 s -1 and locally alter the biological tracer field. However, when averaged regionally (i.e., horizontally), these effects cancel except for diffusion through the region's boundaries. Consequently, it is primarily the extra vertical diffusion through the bottom of the euphotic zone that changes large-scale spatial averages of nitrate flux and associated biological production. When averaged over the entire closed basin, the flux into the upper 126m is completely unaffected by horizontal processes ( Table 4) .
Sensitivity Studies
As an example, vertical diffusivities implicit in the upstream advection numerics as well as those computed explicitly by the TKE scheme are displayed along an instantaneous meridional section at 30øW in spring Units are mmol N m-2yr-1. Here we can only demonstrate the extent to which the implicit diffusion of the upstream advection scheme contributes to the observed increase in upper ocean nitrate concentrations (Figures 5a-5c Our results indicate that changing from upstream advection to a less diffusive higher-order numerical scheme can significantly alleviate the often reported problem of too high equatorial new production and the associated trapping of nutrients. However, regarding the increase, albeit small, in equatorial nitrate concentrations observed in our experiment A (Figure 5a ), we cannot claim that nutrient trapping is caused solely by inappropriate tracer advection numerics nor that DOC is unimportant. A more detailed discussion of this matter will require improvements to the southern boundary condition employed in our model of the North Atlantic. We further note that Najjar et al. [1992] Work presently under way indeed indicates that spinning up the model without mixed layer routine and with surface fluxes formulated as a restoring condition (2) leads to a systematically larger net oceanic buoyancy loss compared to experiments with a mixed layer model included. This eventually results in slightly overstimated winter mixed layers in the subpolar North Atlantic. The differences we have found so far are so small that we have no reason to assume that our results presented here would be different were the model spun up with the mixed layer model included.
With the exception of the eastern North Atlantic and the sharp front crossing the northern part of the subtropical gyre, winter mixed layer depths of all model experiments A to D agree fairly well with climatological data. In summer this agreement holds almost everywhere. Absolute differences between the two mixed layer routines employed are generally smaller than 20 m in summer, though relative differences in the depth of the shallower summer mixed layers are now larger than in winter. Figure 9 shows the fields of the mixed layer depth at the beginning of September for run A using the TKE scheme (Figure 9a) , for the Kraus-Turner experiment D with Kp ,.., N -1 below the mixed layer (Figure 9b) and for the observed climatology (Figure 9c ). Clearly, these effects that result from a small change in the parameterization of subgrid-scale viscosity have a local impact only. Apart from the equatorial Atlantic, the primary production simulated in this test experiment (Plate 3) very closely resembles that of the TKE run A without any lower limit on viscosity (Plate 1, top). This is consistent with our hypothesis that the influence of the parameterization of subgrid-scale viscosity will be felt only in regions where ageostrophic effects cannot be neglected.
Choice of the Standard Experiment and Conclusions
From the above analysis we arrive at the conclusion that unless much finer vertical grids are used, upstream advection is not adequate when modeling processes for which order-of-magnitude changes in vertical diffusion can significantly alter the results. In large regions of the tropical and subtropical thermocline the implicit vertical diffusion inherent in the upstream scheme is much larger than the vertical diffusion deduced from observations. The associated additional diffusive flux of nutrients into the euphotic zone was shown to approximately double primary production when compared to a simulation using a less diffusive, higher-order advection scheme. In the present study the MPDCD scheme was used as an alternative to the too diffusive upstream advection. This is a pragmatic choice that is thought to be a compromise between accuracy and computational economy. More work will be needed to further optimize the representation of tracer advection. Clearly, the sufficient condition A4 is not a necessary one, making the MPDCD scheme a somewhat pragmatic choice. However, standard tests described by Lafore et al. [1998] as well as our analysis of its numerical diffusivity for a typical tracer disctibution (Figure 4) provide a reasonable level of confidence for its application in the present study.
